LiNbO3 and LiTaO3 are commonly used ferroelectric crystal materials. Since the first reports of successful single domain crystal growth in 1965, these materials have found increasing use in optoelectronics, laser systems, Q-switching and frequency conversion, holographic data storage, surface acoustic wave devices, integrated optics and modulator use, and most recently, microwave telecommunications. In single domain format these ferroelectrics are photorefractive, pyroelectric and piezoelectric, and possess usefully large nonlinear optical and electro-optical coefficients. If domain engineering or micron/nano-scale bulk or surface modification is performed however, greater functionality is introduced, leading to additional uses such as phase-matched frequency conversion, grating and photonic structures, and the recently proposed use in MEMS and MOEMS devices. We discuss here a range of techniques for domain engineering and domain selective etching, as well as the use of light in poling and etching modification, and illustrate this potential with several devices that we have constructed by these routes.
INTRODUCTION
LiNbO3 and LiTaO3 are much researched and widely commercially available ferroelectric materials '. LiNbO3 is a noncentrosymmetric negative uniaxial crystal, and hence possesses nonlinear optical and electro-optical coefficients. The latter properties make it particularly useful for applications in which either electric fields can be applied to change the material refractive indices for modulator and polarisation control applications, or conversely, for electro-optic sensing, in which electric field induced refractive index changes are analysed to yield detailed information on the strength and direction of nearby electric fields. In its undoped state, LiNbO3 is transparent from around 350nm to beyond 5im. It possesses a distorted perovskite structure at room temperature, which displays a mirror symmetry across three planes that are 600 apart, and intersect, forming a rotation axis about which it has a three-fold rotation symmetry, classifying it within the 3m point group. The structure consists of planar sheets of oxygen atoms, in a distorted hexagonal close-packed arrangement. These form octahedral interstices that are occupied one third by niobium atoms, and one third by lithium atoms. The remaining third of the sites is vacant. At room temperature, LiNbO3 is ferroelectric, and exists in one of two stable domain orientations, in the absence ofan applied electric field.
Ferroelectrics are anisotropic, and the definitions ofthe crystal axes are consequently important. The c axis is defined as the axis about which three-fold symmetry is exhibited. The ferroelectric dipole axis is aligned with the c axis, resulting in a +c face and -c face, both of which are normal to the c axis. The +c face is defined as the one that becomes negative upon compression: in other words it is the positive end of the dipole. Once the crystallographic axes have been fixed, the coordinate system used to describe the physical properties of lithium niobate can be defined. This is a Cartesian x,y,z system, unlike the crystallographic one which is hexagonal or rhombohedral. Conventionally the z axis is chosen to be parallel to the c axis, while the x axis is chosen to be parallel to one ofthe equivalent a axes'. The y axis is then chosen so that a right handed system is formed, resulting in the y axis lying in one of the planes of mirror symmetry. Ferroelectrics are characterised by displaying two or more states of different polarity (in the absence of an applied field), but if an external field of sufficient magnitude is applied, then switching is possible between these states. In general a ferroelectric will not have the same polarisation orientation throughout. Each region of uniform polarisation is called a domain, and the distribution of domains in the crystal is referred to as the domain structure of the crystal.
The domain structure of a ferroelectric crystal may be altered (a process referred to as poling) by the application of a suitable electric field, which if large enough can produce domain (and therefore polarisation) inversion. The minimum field shall address all of these techniques in subsequent sections, and conclude with a few examples of practical devices enabled by these methods. Figure 1 shows a schematic of the microstructuring routes investigated so far: the shaded regions and the terminology used are referred to in subsequent sections.
Light induced frustrated etching (LIFE) + latent etching effects Figure 1 Schematic illustrating routes to microstructuring in LiNbO3.
2. ELECTRIC FIELD POLING. Figure 2 illustrates the technique adopted for spatially selective domain inversion. Samples of LiNbO3 had typical dimensions of 15mm x 15mm and were either 3OOim or 5OOim thick. All material was supplied by Koto Electric (Japan) in the form of z cut, 76mm diameter wafers, which were then cut to size in house. All samples were subjected to a sequential multiple solvent cleaning process using ultrasonic agitation at 50°C. The samples were then dried with compressed air. Photoresist was spin coated onto the -z face, producing a 1 .1 im thick film. The samples were finally baked at 90°C for 30 minutes. The photoresist was patterned using a Karl Suss MA4 mask aligner and chrome on fused silica masks.
Poling was carried out by the application of a voltage pulse across the sample. The current flowing during poling was controlled so a predetermined area of the crystal would be domain inverted. Typical pulse parameters used were 1 1kV, 5Oms at currents of 500pA. Before poling, the lithium niobate wafers were all oriented single domain samples, as supplied. After poling, samples had areas of induced domain reversal, determined by the photolithographic mask patterns used. The etchant consisted of HF and HNO3 acids in a 1:2 ratio: the HF was a 48% solution and the nitric acid was a 78% solution. This etchant mixture attacks the negative z face (-z) at a rate that is appreciably higher than the positive z face (+z). Additionally, defect sites in the crystal lattice may also experience higher etching rates. The etchant was stirred constantly using a magnetic stirrer with an integral hotplate. The temperature of the hotplate was kept constant and the etchant allowed to reach equilibrium temperature before initiating the etch process. Ridge waveguides have also been fabricated using the pole plus etch technique . Figure 3 shows an SEM view of one such guide selected from the range fabricated with widths varying from 2m to 2Ojim. The guides were etched at 49°C to create ridges -1ORm high. Without any further processing, these ridges would not support any guided modes, as leakage into the substrate would occur. Three different techniques were adopted to produce this lower guidance layer: ion-beam implantation, proton exchange, and titanium indiffusion. The latter method produced the best results, yielding losses of 0.8dB cni1 for TE propagation in the first instance. Additional work has been carried out on 2-dimensional structures for applications in quasi-phase matched nonlinear processes. We are also working on the use of E-field patterning followed by etching to produce structures at the '-jim scale for use in micro-electro-mechanical systems (MEMS) devices. LiNbO3 as a host material offers very exciting possibilities when piezoelectric actuation is considered.
OPTICALLY ASSISTED ELECTRIC FIELD POLING ('OPTICAL POLING')
Figure 1 also shows a shaded region that spans 'B-field poling' and 'Light', and this we refer to as 'Optical Poling'. This technique involves a process whereby an incident light pattern assists in the domain inversion process. The electric field in this case is applied via planar electrodes, while the light is used to define those regions where inversion should occur. The . Geometry adopted for optical poling experiments, using x-face illumination.
Uv light from an Ar laser was used at a total power of 15OmW. Electrical contact between the metal electrode and the LiTaO3 crystal was achieved using a commercially available electrically conductive gel. The LiTaO3 was 2OOim thick, optical grade, congruent composition, single domain, z-cut material. As shown in figure 4 , a cylindrical lens was used to increase the incident irradiance to a peak value of-1OOWcm2. In early experiments, binary shadowing only was attempted using a grating of periodicity 28Oim. This large period was chosen to demonstrate the feasibility of the technique.
Subsequent work, described later allowed reduction ofthe period by a factor of-5O.
Optical poling relies on an asymmetry in the poling fields required for poling in the 'forward' and 'reverse' directions. LiTaO3 (and LiNbO3) possesses an internal electric field that reveals itself in the observed asymmetry in the ferroelectric hysteresis loop. There is an inequivalence in the +z and -z crystal directions, which reflects itself in the difference in E ,the coercive field required for domain inversion. This is seen in figure 5 , which shows the E value for LiTaO3 during repeated forward and reverse poling. -HV Apart from the initial value of 25.5kVmm' that applies to the 'virgin' crystal, figure 5reveals that there is a systematic difference between the values of poling field required in the forward and reverse directions. Additionally however, as has been pointed out in earlier work in this area 8 the presence of light can influence the internal field recovery process following a domain inversion step. Photogenerated carriers within illuminated regions can increase the rate of recovery of the local internal field. By ramping the applied field up to, but not beyond, the optically elevated value of coercive field, domain inversion can be locally controlled. Illuminated regions experience frustrated poling, where domain inversion will not occur, while the surrounding regions experience normal domain reversal.
Our further work has focussed on producing domain inversion for periods that have more technological application, for example in quasi-phase matched frequency generation, where periods in the region 4im to -3Oim are routinely required. For this scale ofperiodicity, we have employed an interferometric arrangement as shown in figure 6 for generating a spatial pattern with periodicity in the region of 6im. For this experiment, the crystal was turned into a bi-prism by polishing facets on the front face, at an angle e as shown.
Incident Figure 6 . Interferometric arrangement for generating -6im periodic structures within the LiTaO3 crystal.
The results of a successful optically controlled domain inversion are shown in figure 7. Wafers were not pre-exposed to any Uv light to avoid the possibility of any latent patterning effects, a topic which we further address in section 4. Following optical poling, the exposed wafers were etched in an l-IF/HNO3 acid mixture, to reveal the presence of any periodic structure. Microscopic examination through crossed polarisers reveals the presence of a periodic structure which was largely confined to the front section of the electrode area, where the UV intensity is highest. Figure 7 shows a portion of this periodic pattern, and illustrates some ofthe problems revealed through implementation ofthe technique in its current state.
Region (a) shows the desired periodic domain structuring, while region (b) illustrates that insufficient illumination may result in the normal triangular domain formation occurring despite the imposed optical contol. Worse still are regions such as (c), where poor contact between the electrode and the gel in this orientation has prevented adequate electrical contact. The limitations so far include the high absorption constant of a = 4cm' for LiTaO3 at this UV wavelength. We have also explored the use of visible light, as well as illuminating the crystal wafer z-axis, through transparent planar ITO electrodes. While this orientation solves the high absorption coefficient problem, it is an admittedly more complicated interaction geometry. The important point to realize however is that light can indeed be used to influence domain switching dynamics.
It is entirely feasible to anticipate the further development of such a technique for large scale optically mediated domain manipulation. 
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LIGHT-ASSISTED ETCHING PROCESSES
The final overlap region shown in figure 1 relates to the use of light in combination with etching of ferroelectric media. This section will deal with three such interation mechanisms. The first involves the use of cw laser light to locally frustrate chemical etching using HF/HNO3 acids, and bears the name of light induced frustrated etching (LIFE)4. A second and perhaps more versatile process has recently been explored in which latency has been introduced into the etching frustration: the incidence of light at time in the past can influence the etching behaviour at times in the future. A third process, this time using pulsed laser illumination from excimer (KrF at ?= 248nm, and XeCI at 2 = 308nm) and frequency tripled YAG lasers can either cause direct laser ablation of the material, or else produce latent damage via the formation of defects and colour centers, for subsequent etching at later times. 
Light induced frustrated etching (LIFE)
There are numerous examples reported of light-induced enhancement of etching, particularly for semiconductor materials such as GaAs and GaN. Incident light can generate photocarriers (electrons or holes), which can modify etch rates through photoelectrochemical processes. To our knowledge there is an almost complete absence however of reports in which etch f rustration has been observed: the presence of light can locally reduce the etch rate to zero. We have observed this process in Fe:doped samples of LiNbO3 (0.05% and 0.2% Fe doping), using both c.w. light from an Ar laser operating in the visible at X = 488nm, and also pulsed light from a KrF excimer laser at X =248nm. The technique is powerful and flexible. Power densities required to completely suppress etching are moderate, at -iOOWcm2. For intermediate power densities in the range 1 -1 OWcm2 however, partial frustration occurs, and structures are generated that have periodic features, complex triangular patterns, or individual extended ridge structures. The LIFE process in this case has tremendous potential for patterning at the nm scale. Features of 1 OOnm size are routinely observed, and we will briefly show one example of these. We are currently exploring the possibility of complex 3-d structures formed by manipulation of the light pattern during the LIFE process. As etching proceeds, the illumination can be varied both in intensity and position, leading to uniquely complex micro-and nanostructuring.
The experimental arrangement is conceptually simple. Etching is performed in the usual HF/HNO3 acid mixture, contained within a stainless steel and PTFE cell. The Fe:LiNbO3 is used as a window into the cell, exposed to acid on one side, and air on the other. Light can be incident from the air side, and focused or imaged onto the side exposed to etchant. Figure 9 shows the result of etching modification through the simple focusing of a Gaussian beam onto the etching surface.
, Figure 9 . SEM micrograph of etch-frustrated region: A =total frustration, B= partial frustration, C= no frustration.
At lower power densities, larger regions can be formed showing highly complex and visually intriguing nano-scale features. 
Latent LIFE
We have also investigated the process whereby latency can be incorporated into the light induced frustrated etch process. If a material is exposed to etchant plus light, the frustration induced can persist once the light is removed. The interest here therefore focuses on whether a pattern can be imprinted onto a surface using for example c.w. light, which will then act as a template for etch frustration at later times. If this is achievable, then a process equivalent to photographic printing can be envisaged. We have investigated this process, which we term 'latent LIFE' by exposing 0.05% Fe:doped LiNbO3 crystal wafers immersed in HF/HNO3 acid etchant to a sequence of 5 consecutive exposures. Site 1 was illuminated for one hour, during which the surface was simultaneously in contact with the acid. After this time, the light was removed, but the surface then remained in contact with the acid for a further four hours. Site 2 was exposed to the acid etch for the first hour, thento simultaneous illumination plus etch for the following hour, then remained in contact with the acid for a further three hours. By extrapolation, site 5 has unilluminated exposure to the etch for the first four hours, with a final hour of illuminated etching. In this manner, five sites were investigated, all of which had one hour of illumination, with the difference that the one hour time slot was progressively shifted from one site to the next. Figure 1 1 shows the results of this experiment. A histogram of height of etched material versus site number clearly shows a latent behaviour. Sites exposed to illumination early on (site A is the first) show a persistent resistance to etching, compared to those sites exposed at later times. A semilog plot reveals an exponential fit.
: ;; 4:;;;- One method that is well established for machining structures in a range of materials is pulsed laser ablation. Often performed with excimer lasers, the material is progressively removed by repeated laser shots directed at the workpiece, using direct exposure or some intermediate imaging system. We have investigated this technique for machining doped and undoped LiNbO3, and show some results in figure 13 . Although laser machining can produce very high quality results in amorphous materials such as glasses and plastics, the results for single crystalline hosts have, in our experience, always been less good. Material can be redeposited, cracking can occur, and machining of features of the few im size is problematic. The result shown in figure 13 was obtained from a 3000 shot exposure, using a KrF excimer laser at an incident energy density of '-4 .5Jcm2. Although the use of a gas assist to remove debris would improve the results, it is felt that direct ablation for the production of both microscopic and macroscopic features is not the method of choice here. Greater use can be made of laser ablation however, if the material being ablatively removed is photoresist, for a subsequent E-field poling step. Figure 14 shows a laser-patterned sample of LiNbO3, and the post-poled and etched version that results. It is noticeable that the edge quality after poling and etching has been 'sharpened up' compared to the earlier laser ablated sample. This is very useful, as the tolerances of the initial laser ablation step can therefore be relaxed to some degree, without sacrificing edge definition. To date the best result for such a laser ablated and post-poled sample shows that feature sizes of less than 1 im can be produced. This is of particular interest when MEMS and MOEMS applications are being Surface defects can be produced on the surface oflithium niobate leading to changes in the etching behavior ofthe material. More specifically the surface of lithium niobate is illuminated by pulsed ultra violet laser radiation at an energy fluence close to the ablation threshold value. The energy, which is absorbed in a limited volume due to the high absorption of lithium niobate at ultra violet wavelengths, produces defects on the surface, which subsequently cause differential etching when the surface is treated with acids. In order to study the process an interference pattern is produced on the surface of the material by interfering two beams emerging from an injection locked excimer laser (operating with a KrF gas mixture emitting at 248 nm). The laser fluence is kept below the ablation threshold for this material, which is 80 mJcm2 for this wavelength and pulse width (20 nsec), and so only minor damage is produced on the surface. Since there is no ablation involved the illumination ofthe samples can also be performed by using a phase mask. The illuminated surface is subsequently treated with a mixture of HF and HNO3 acids, as before. The wet etching step selectively etches or frustrates the etching ofthe illuminated areas depending on the crystal cut and face chosen for irradiation. This method can be applied on doped samples as shown in figure 15 where a grating has been recorded on a titanium indiffused lithium niobate channel waveguide.
APPLICATIONS
Due to limitations ofpaper length, we briefly show only one application ofdomain engineering in LiNbO3. Figure 16 shows a composite structure of two anti-parallel domain regions formed by conventional photoresist patterning plus poling. If an external E-field is now applied via the external electrodes shown to the boundary region between the two anti-parallel domain regions, the refractive index change, An, induced via the electro-optic effect will follow the domain orientation, and hence a refractive index difference will be established across this boundary region. The magnitude of An will be given by the normal expression for induced electro-optic effect, multiplied by a factor of two as one region has its index increased, while the other has its index decreased. The induced An therefore is:
where r33 is the electro-optic coefficient for this orientation, n is the extraordinary refractive index, and E is the applied electric field. For fields of order 100V, the index difference induced is large enough that a beam incident on the boundary at grazing incidence (e 89°) will experience total internal reflection. The incident beam must be extraordinarily polarized, (s polarized input with respect to the plane of incidence) to experience this induced refractive index change.
The advantages of such a total internal reflection switch are numerous. Firstly they are driven by a relatively low applied field, which should remain effectively wavelength independent. Unlike the conventional Pockels cell modulator designs, where half-wave voltage is directly proportional to the wavelength of operation, this TIR modulator relies on the value of r33 only, which does not vary appreciably over the intended wavelength region (O.5tm to 5.Oim). Additionally, the contrast ratio should be extremely high: TIR is a 100% efficient process compared for example to the diffraction efficiencies of acousto-optic modulators, where extinctions ratios of order -8O% are typical for operation at 1 .Otm. Finally, the capacitance of such a device can be designed to be small. The interaction region must be extended, due to the grazing incidence required, but typical volumes of material can be of order a few mm3, and hence operational speed can be high, compared again to typical acousto-optic devices.
CONCLUSIONS
We have shown a range of techniques for structuring LiNbO3 and LiTaO3 at the micro and nanoscale. When devices are designed which utilize the additional nonlinear and electromechanical properties available in such ferroelectric hosts, we anticipate a range of E-field controlled products becoming available, breaking into areas that have perhaps been restricted so far to materials such as glass, silicon or polymer. Our goal is therefore to continue with domain engineering at the micron and sub-micron level, where applications such as electrically controllable Bragg gratings would have an immediate market. The periods required for these however are all sub-micron, and to date no group has successfully demonstrated fabrication at this scale and degree of perfection. We are trying several techniques in this area, and hope to be able to report on such structures in due course.
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8. REFERENCES. "off' Figure 16 . Domain engineered total internal reflection electro-optic switch
We have fabricated such a device and its performance is currently being evaluated. While alignment tolerance is clearly a feature of this device, we have already achieved an extinction ratio for the transmitted beam of >30dB. Further work is in progress to optimize the boundary quality, and annealing steps will be included to further reduce the passive visibility of the boundary for the incoming beam, which has the effect of lowering the contrast ratio of the beam that experiences TIR.
